The petunia fused gene ( pcf ), which is associated with cytoplasmic male sterility (CMS), is composed of sequences derived from atp9, coxll, and an unidentified reading frame termed urfS. To determine whether the pcf gene is expressed at the protein level, we produced antibodies to synthetic peptides specified by the coxll and urfs portions of the pcf gene. Anti-COXII peptide antibodies recognized petunia COXll but no other mitochondrial proteins. Anti-URF-S peptide antibodies recognized a 20-kilodalton protein present in both cytoplasmic male sterile and fertile lines and a protein with an apparent molecular mass of 25 kilodaltons present only in cytoplasmic male sterile lines.
INTRODUCTION
Cytoplasmic male sterility (CMS) is thought to be encoded by the mitochondrial genome (Hanson and Conde, 1985; Pring and Lonsdale, 1985) . Presumably, some defect in mitochondrial function results in the arrest of normal pollen development observed in sterile genotypes. Although mitochondrial DNA regions correlated with CMS have been identified in petunia (Boeshore, Hanson, and Izhar, 1985; Young and Hanson, 1987) and maize (Dewey, Levings, and Timothy, 1986) , their role in producing the sterility phenotype is not understood. The petunia and maize CMSassociated regions do not share sequence homology (Hanson, Pruitt, and Nivison, 1989) .
In petunia, the CMS-associated mitochondrial DNA region was identified by analysis of somatic hybrid lines that were created by fusing protoplasts from a CMS line with those from a fertile line (Izhar, Schlicter, and Swartzberg, 1983) . This protoplast fusion experiment generated both CMS and fertile somatic hybrid plants that carried mitochondrial genomes that arose from recombination of the genomes of the fusion parents (Boeshore et al., 1983; Rothenberg et al., 1985) . The recombinant mitochondrial genomes made it possible to search for a mitochondrial DNA region that segregated with sterility in the somatic hybrids. Such a region was found (Boeshore et al., 1985) and named the S-pcf locus . Sequenc-' To whom correspondence should be addressed.
ing of this region revealed the abnormal pcf gene (Young and Hanson, 1987) as well as genes for NADH dehydrogenase subunit 3 (nad3) and small ribosomal subunit protein 12 (rps72) (Rasmussen and Hanson, 1989) . Thus, analyses of parenta1 and somatic hybrid mitochondrial DNAs have demonstrated a strong correlation between the Spcf locus and CMS in petunia.
The three genes of the S-pcf locus are cotranscribed (Rasmussen and Hanson, 1989) . Transcripts of the pcf gene were found to be 4 to 5 times more abundant in anthers than in leaves of CMS plants (Young and Hanson, 1987) . pcf transcripts are also present in petunia lines containing pcf that are male fertile due to the presence of a nuclear fertility-restoring gene, Rf (Rasmussen and Hanson, 1989) .
The structure of the pcf gene predicts a 354-residue protein containing portions of ATP synthase subunit 9 (ATP9) and cytochrome oxidase subunit II (COXII), and an unidentified reading frame termed URF-S (Young and Hanson, 1987) . Normal atp9 and coxll genes are present elsewhere in the mitochondrial genomes of the CMS petunia lines (Rothenberg and Hanson, 1988; Pruitt and Hanson, 1989) , whereas other urfS sequences have not been detected. To determine whether the pcf gene is expressed at the protein level, we produced antibodies to synthetic peptides specified by sequences in the coxll and urfS regions of the gene. In this report we use these The boldly outlined diagram (top) is drawn to scale to correspond to amino acid residue numbers, and illustrates the predicted locations of ATP9, COXII, and URF-S amino acid sequences in PCF. The hydrophobicity profile was calculated according to Kyte and Doolittle (1982) by the MSEQ program (Black and Glorioso, 1986) . The MSEQ program normalizes the Kyte and Doolittle (1982) amino acid side-chain polarity values so that the most hydrophobic residue is set to 1 and the most hydrophilic residue is set to O (Black and Glorioso, 1986) . Averaging was done over an amino acid window of 11. The locations of the COXll and URF-S peptides are shown with solid boxes.
1 also shows the locations of the amino acid sequences used in the peptides along with the hydrophobicity profile of the predicted PCF protein. One of the peptides, named the "COXII" peptide, was derived from a sequence present in both the normal copy of the COXll protein (residues 141 to 153; Pruitt and Hanson, 1989) and in the COXll portion of PCF at residues 121 to 132. This amino acid sequence is given in Figure 2 . Note that 12 of the 13 amino acids are present in PCF, and all 13 are present in COXII. For the other peptide, named "URF-S," we chose a sequence of PCF from residues 247 to 258 that is repeated at residues 265 to 276, 283 to 294, and 301 to 312. This sequence is also given in Figure 2 . The hydrophobicity profile shows that both peptides include regions of predicted hydrophilicity, which may increase the probability of peptide solubility and antigenicity. 60th peptides were synthesized with 5 additional amino acids attached to the N terminus of the protein-derived sequences for coupling purposes (see Methods). Peptides were coupled to the carrier protein keyhole limpet hemocyanin and injected into rabbits for antibody production. Since the antisera contained many antibodies that reacted with petunia mitochondrial proteins, the anti-peptide antibodies were affinity-purified from the antisera. These affinity-purified antibodies, which will be referred to as the antiCOXll and anti-URF-S peptide antibodies, were used to study the expression of the pcf gene.
antibodies to identify a protein product of the pcf gene, and we show that the abundance of this protein is greatly reduced in a fertility-restored petunia line. Thus, the nuclear restorer gene.
Specificity of the coxll Synthetic Peptide Antibody expression Of pcf at the protein leve' modified by a
The specificity of the anti-COXII peptide antibody for COXll was tested using a rabbit polyclonal antiserum (173-8) that had been raised against yeast COXII. 
RESULTS

Preparation of the Synthetic Peptide Antibodies
To determine whether the pcf gene is expressed as a protein, we prepared two synthetic peptides with amino acid sequences derived from the pcf sequence and raised antibodies against these peptides. Figure 1 shows that the complete PCF protein predicted by the pcf gene sequence (Young and Hanson, 1987) would have an N-terminal region of ATPS-related amino acid sequence (residues 1 to 3 9 , followed by a region of COXII-related sequence (residues 40 to 197), and this would be followed immediately by a sequence of unknown identity (URF-S) that would include the C terminus. The short region (residues 36 to 39) between the ATPQ and COXll sequences is thought to have resulted from one of the recombination events that created pcf . Anti-COXII Anti-COXII (Yeast) (Peptide) To determine whether this higher molecular weight antibody signal was specific to the anti-COXII peptide antibody, the following competition experiment was performed. Replicate protein blots containing CMS mitochondrial protein were prepared. One blot was probed with anti-COXII peptide antibody, and the other was probed with anti-COXII peptide antibody that had been pre-incubated with an excess of COXII peptide. Figure 4 shows that, when the peptide was included in the probe solution, the antibody did not bind to COXII. This demonstrated that the binding of the antibody to COXII involved binding to a COXII peptide-containing antigenic site. However, the antibody signal near 40 kD was present even when the probe solution contained peptide; thus, this signal is not specific to the COXII peptide antibody. The nonspecific signal was probably caused by the reaction of a contaminating antibody that was not removed during the affinity purification of the peptide antibody.
In further attempts to identify the PCF protein using the COXII peptide antibody, protein blots were probed that S SP
100-
68-* 27- § *-•*-coxii monoclonal, CC06, and a polyclonal, DD3-T) confirmed this identification of petunia COXII (data not shown). When a replicate portion of the same protein blot was probed with the anti-COXII peptide antibody, the peptide antibody also reacted with petunia COXII, and very slightly with yeast COXII (Figure 3 , right panel). The decreased reaction with the yeast protein is not surprising because the yeast cox// gene sequence (Coruzzi and Tzagoloff, 1979) includes codons for only 5 of the 13 petunia COXII amino acids in the COXII peptide. These results demonstrated that the anti-COXII peptide antibody recognizes the normal COXII protein in petunia.
Figure 3 also shows that, in addition to COXII, the COXII peptide antibody reacted weakly with a petunia protein that migrated near 40 kD. The sample of petunia mitochondrial protein that was used on this blot was prepared from the CMS line 3688, referred to here as the sterile parent (see below). This higher molecular weight protein was of interest because it migrated on the lithium dodecyl sulfate (LDS)-polyacrylamide gel in a region appropriate for the PCF protein which has a predicted molecular mass of 38 kD.
Anti-COXII + peptide
Anti-COXII Mitochondrial proteins from the sterile parental petunia line (SP) were fractionated on an LDS-polyacrylamide gel and transferred to nitrocellulose, and the protein blot was cut to make two replicate blots. The blots were probed with anti-COXII peptide antibody that had been pre-incubated with or without the COXII peptide. One hundred twenty micrograms of protein were loaded in each SP lane. Prestained molecular mass standards (S) (in kilodaltons) are shown on the left. contained mitochondrial protein from different CMS and fertile petunia lines (data not shown). In all cases, the only specific antibody signal was due to antibody binding to COXII. We conclude that the anti-COXII peptide antibody recognizes COXII, but not the putative PCF protein.
Identification of a pcf Gene Product with the URF-S Synthetic Peptide Antibody
When the anti-URF-S peptide antibody was used to probe protein blots of mitochondrial protein from different CMS and fertile petunia lines, two different antibody signals were apparent. As shown in Figure 5 , one signal at approximately 20 kD was always present, regardless of whether the lines were sterile or fertile. However, another signal at approximately 25 kD was present only when the protein was prepared from sterile lines. The petunia lines tested included a CMS line (3688, designated SP) and a fertile line (3704, FP), which were used as the parents in a protoplast fusion experiment that generated sterile and fertile somatic hybrid plants (Izhar et al., 1983) . These somatic hybrids have been shown to have recombinant mitochondrial genomes containing contributions from both parents (Boeshore et al., 1983) . Thus, the somatic hybrids (designated SSH and FSH) provide an important test for correlation of a protein with sterility. A fertile line (Fl) that is isonuclear with the sterile parental line was also examined. In all cases (Figure 5 ), the 25-kD signal was found to be associated with sterility.
The intensities of the 20-kD and 25-kD signals vary in the lanes in Figure 5 , although the same amount of mitochondrial protein was loaded in each lane. These intensity differences are reproducible genotype-specific differences for which we currently have no explanation. A faint signal at 25 kD can be seen in several of the lanes that have protein from fertile lines. However, we believe this is an artifact caused by bleeding of protein, or possibly the immunoblot developing reagent, from the adjacent lanes containing protein from CMS lines. No signal at 25 kD in fertile lines has ever been detected when the adjacent lane does not carry protein from a CMS line.
To confirm that the 20-kD and 25-kD immunoblot signals were specific to the anti-URF-S antibody, competition experiments were also carried out with this antibody. Figure  6 shows that both the 20-kD and 25-kD signals were absent when free URF-S peptide was included in the probe solution; thus, these signals are specific to the anti-URF-S antibody.
To investigate further the relationship between pcf and the 25-kD protein, mitochondria were isolated from the sterile parental line and incubated under conditions for protein synthesis with 3 H-leucine. Immunoprecipitation was then carried out using the anti-URF-S antibody and the labeled translation products. The immunoprecipitate was analyzed by LDS-polyacrylamide gel electrophoresis followed by fluorography. The fluorogram in Figure 7 shows that a single labeled protein was immunoprecipitated, and that it migrated on the LDS gel at approximately 25 kD. This result supports the identity of the 25-kD protein as the product of the mitochondrially encoded pcf gene. In this and other immunoprecipitations with the anti-URF-S antibody, a portion of the immunoprecipitate was also analyzed on a protein blot probed with the anti-URF-S antibody. These immunoblots showed that, under the conditions used, the 20-kD protein was not immunoprecipitated, probably because it was not solubilized with the nonionic detergent (data not shown). Thus, we are unable to conclude whether or not the 20-kD protein is also a mitochondrial translation product.
Considered together, the recognition of the 25-kD protein by the anti-URF-S antibody, the specific association of the 25-kD protein with sterile petunia lines, and its synthesis by isolated mitochondria are strong evidence that this protein is a product of the pcf gene.
Localization of the 25-kD PCF Protein within CMS Mitochondria
To determine the location of the 25-kD PCF protein, mitochondria from CMS line S10636 were separated into soluble and membrane fractions, and the fractions were analyzed on protein blots. The protein blot probed with anti-URF-S antibody, shown in Figure 8 Mitochondrial proteins from the sterile parental petunia line (SP) were fractionated on an LDS-polyacrylamide gel and transferred to nitrocellulose, and the protein blot was cut to make two replicate blots. The blots were probed with anti-URF-S peptide antibody that had been pre-incubated without or with the URF-S peptide. Sixty micrograms of protein were loaded in each SP lane. Prestained molecular mass standards (S) (in kilodaltons) are shown on the left.
fractions was not possible; however, we estimate the distribution to be approximately equal. As controls in this experiment, fractions were also assayed for the activity of a matrix protein, fumarase, as well as for the presence of an inner membrane protein, COXII. The majority of the fumarase activity was associated with the soluble fraction (data not shown), whereas COXII was found mainly in the membrane fraction (Figure 8 ). The locations of these markers demonstrated that the mitochondria were successfully fractionated. From these results we would expect that the 25-kD PCF protein is located both within the membrane and the matrix of CMS mitochondria or that it is a peripheral membrane protein.
A Nuclear Restorer Gene Affects pcf Gene Expression
In petunia the presence of a single dominant nuclear gene (Rf) is sufficient to restore male fertility. Thus, plants that carry the mitochondrial pcf gene along with the nuclear Rf gene are fertile. Previous work in this lab showed by S1 analysis that pcf transcripts were present in leaf tissue of a fertility-restored line (Rasmussen and Hanson, 1989) . To determine whether the 25-kD PCF protein is present in a fertility-restored line, immunoblots of mitochondrial protein were prepared and probed with the anti-URF-S antibody. Figure 9 shows that, in such a fertility-restored line, the level of the 25-kD PCF protein was greatly reduced. The reduction in 25-kD PCF protein was also observed in immunoblots of total protein from leaves and anthers of 25-kD PCF protein was found in both soluble and membrane fractions. In contrast, the 20-kD protein was found only in the membrane fraction.
The comparison is quantitative in that the aliquots of protein loaded on the gel had been derived from 100 ng of mitochondria. However, on the blot probed with the anti-URF-S antibody, the intensities of the antibody signals at 25 kD are not directly proportional to the amount of 25-kD protein that is present on the blot. The different intensities of the 25-kD signals in the three lanes are related to both the amount of protein present and the extent to which the 25-kD protein passed through the nitrocellulose blot. Thus, the 25-kD protein in the total and membrane lanes passed through the blot and showed strong signals on both the front (Figure 8 ) and back (not shown) sides of the blot. However, the 25-kD protein in the soluble lane did not pass through the blot, and all of the signal was concentrated on the front side. Due to this differential protein migration in the blot, a rigorous determination of the amounts of 25-kD protein in the soluble and membrane 25 * Mitochondria from a sterile somatic hybrid line (S10636) were separated into soluble and membrane fractions. Aliquots of each fraction (derived from 100 p.g of intact mitochondria) were electrophoresed on an LDS-polyacrylamide gel, and proteins in the gel were electroblotted to nitrocellulose. The protein blot was then cut in half. One half was probed with the anti-URF-S peptide antibody, and the other half was probed with an anti-yeast COXII monoclonal antibody.
the fertility-restored line (data not shown). This result demonstrates that the expression of the pcf gene is affected by fertility restoration.
carrying Rf2 only (Dewey et al., 1987) , whereas both Rf1 and Rf2 are required to restore fertility to maize T cytoplasm-containing plants. Neither the role of the 13-kD protein in sterility nor the influence of Rf2 on fertility is understood. The sequence of the petunia pcf gene contains the information to encode a protein of 38 kD, but the PCF protein that we have identified has a molecular mass of approximately 25 kD based on its electrophoretic migration in LDS gels. One possible explanation for this discrepancy between the predicted and apparent molecular masses is aberrant gel migration. Certain hydrophobic proteins have been observed to migrate more rapidly than expected. For example, the Escherichia coli /3-o-galactoside transport protein has a predicted molecular mass of 46.5 kD but migrates at 35.5 kD in SDS gels (Konig and Sandermann, 1982) . As previously discussed (Figure 1) , the PCF protein is expected to contain numerous hydrophobic regions. However, although aberrant gel migration provides an explanation for the molecular mass of 25 kD that we have observed, it does not explain our immunological data. Specifically, the lack of recognition of the 25-kD PCF protein by the COXII peptide antibody is not consistent with this explanation.
A pcf gene product of molecular mass lower than 38 kD could be produced by initiation of translation at an internal ATG. The pcf sequence contains two internal ATG codons (Young and Hanson, 1987) . One of the internal ATG co-
DISCUSSION
Rf SP
In the present study we have analyzed parental and somatic hybrid mitochondrial proteins and found that a 25-kD protein that is antigenically related to pcf is present in sterile petunia lines. This 25-kD protein is recognized by an anti-URF-S synthetic peptide antibody, is synthesized in isolated CMS mitochondria, and is present only in CMS petunia lines. These three separate lines of evidence identify the 25-kD protein as a pcf gene product.
The reduction in pcf gene product abundance in nuclear fertility-restored lines further strengthens the correlation of the S-pcf locus with the sterility trait. One nuclear gene, Rf, is sufficient to confer fertility and reduce the abundance of the 25-kD protein in petunia. An analogous study used a synthetic peptide antibody to detect a 13-kD protein product of a CMS-associated gene in the maize T cytoplasm (Dewey, Timothy, and Levings, 1987) . This 13-kD protein also decreased greatly in fertility-restored lines, according to immunological (Dewey et al., 1987) and mitochondrial translation studies (Forde and Leaver, 1980) . However, the abundance of the 13-kD protein was reduced in lines carrying the nuclear gene Rf1 only, and not in lines _25 "20 Sixty micrograms of mitochondrial protein from a fertility-restored petunia line, 7984 (Rf), or from the sterile parental line (SP) were electrophoresed on an LDS-polyacrylamide gel, transferred to nitrocellulose, and probed with the anti-URF-S peptide antibody.
dons is within the atp9-derived sequence (codon 8), and the other (codon 99) is within the coxll-derived sequence. The internal ATG at codon 99 is preceded by a putative plant mitochondrial ribosome binding site (Dawson, Jones, and Leaver, 1984) . lnitiation at the second internal ATG would produce a protein of 27 kD, a molecular mass closer to that which we have observed. However, because this ATG precedes the COXll peptide coding sequence, again such a protein should have been recognized by both of the peptide antibodies.
In contrast to initiation at an internal ATG, production of the 25-kD protein by post-translational processing of a precursor 38-kD PCF protein is supported by our immunological as well as our molecular mass data. If a 38-kD PCF protein were proteolytically cleaved immediately after the COXll peptide-containing region, two proteins of 15 kD and 23 kD would be produced. According to this hypothesis, the 25-kD protein recognized by the anti-URF-S antibody is the C-terminal portion of a processed precursor protein. The anti-COXII antibody does not recognize this protein because its recognition site is in the N-terminal portion of the 38-kD precursor. Neither a 38-kD protein nor the putative 15-kD processed N-terminal portion was detected with either synthetic peptide antibody on immunoblots; therefore, such proteins may not accumulate in mitochondria. Three other COXll antibodies, a monoclonal (CCOS) and two polyclonals (173-8 and DD3-T), to yeast COXll also failed to recognize the 25-kD protein or a 15-kD or 38-kD CMS-specific protein on protein blots, although these antibodies do recognize petunia COXll (data not shown).
Unlike the 25-kD PCF protein, the 20-kD protein was not CMS-associated (Figure 5 ),and its location was restricted to the mitochondrial membrane fraction (Figure 8 ). The structure of the S-pcf locus suggests severa1 mechanisms for the cause of CMS in petunia. First, because the pcf gene contains atp9 and coxll sequences, a fulllength or processed PCF protein containing either abnormal ATP9 and/or abnormal COXll sequences could perhaps be sufficiently similar to the normal subunits to associate with and disrupt either of these enzyme complexes. Alternatively, interaction of the URF-S portion of PCF might disrupt another, as yet unidentified, mitochondrial enzyme complex.
A number of important enzyme complexes, including ATP synthase and cytochrome oxidase, are located in the inner mitochondrial membrane (Ernster and Kuylenstierna, 1970) . We found that the 25-kD PCF protein is partially dicted membrane-spanning domains of the PCF protein through N-terminal processing and with the loose association of the 25-kD PCF protein with a membrane protein complex. Understanding how the pcf gene product may affect mitochondrial function will require an exact definition of both the sequences in the PCF protein and the molecular location of this protein.
Our data do not rule out a role of two other mitochondrial genes, nad3 and rpsl2, in cytoplasmic male sterility. In the fertile parental line, as in the sterile parental line, nad3 and rpsl2 are co-transcribed (Rasmussen and Hanson, 1989) .
However, the sequences upstream of nad3 and rpsl2 in the sterile line differ from those upstream of these two genes in the fertile line (Rasmussen and Hanson, 1989) .
Thus, the presence of pcf 5' to nad3 and rps72 may interfere with their proper expression. Although abnormal expression of nad3 or rps72 may also contribute to CMS, our data concerning the 25-kD pcf product implicate the pcf gene in disruption of pollen development. The abundance of the pcf gene product is affected by the same nuclear gene ( R f ) that confers fertility. Male fertility may be possible only when the 25-kD PCF protein is absent or ' greatly reduced. Further studies will be required to determine how pcf functions in the mechanism of cytoplasmic male sterility.
METHODS
Plant Material
Fertile petunia lines 3704, 3699, 7984, 11131, and 8108, and CMS lines 3688, 13-1 33, F13-138, and 30636 were provided by Shamay lzhar (Volcani Center, Bet Dagan, Israel) . Line 3704 is Petunia hybrida. Line 7984 carries the CMS cytoplasm with a P. hybrida nuclear genome homozygous for Rf, the nuclear restorer gene. Line 3699 is P. parodii, whereas 3688 contains the nuclear genome of P. parodii and the CMS cytoplasm. Lines 1 1 131,8108, 13-1 33, F13-138, and S10636 are progeny lines of somatic hybrid plants produced by fusing lines 3704 and 3688, as described in lzhar et al. (1983) . All of the lines were grown as suspension culture cells, as previously described (Boeshore et al., 1983) .
Preparation of Mitochondrial Protein
Mitochondria were isolated from petunia suspension cultures as described (Hanson et al., 1986) except that EGTA was substituted for EDTA throughout. Mitochondria in 0.4 M mannitol, 10 mM Tricine-NaOH (pH 7.2), 1 mM EGTA were divided into aliquots of about 500 pg of protein, collected by centrifugation at 12,0009 for 5 min in a microcentrifuge, and the mitochondrial pellets were stored at -70' 12 until use. Mitochondria were then resuspended soluble and partially membrane-associated (Figure 8 ). This fractionation is consistent both with the removal of prein LDS-sample buffer [50 mM Tris-HCI (pH 8.5), 50 mM DTT, 2% (w/v) LDS, 12% (w/v) sucrose, 0.01% bromphenol blue] to 10 pg of proteinlpl, boiled for 5 min, and loaded on LDS-polyacrylamide gels.
Protein Gel Electrophoresis and Blotting
Mitochondrial proteins were separated electrophoretically in 15% polyacrylamide gels (monomer:bis = 30:0.8) containing 0.1 ?' O (w/ v) LDS as described (Nivison, Fish, and Jagendorf, 1986) . Proteins were then electroblotted to nitrocellulose (Schleicher & Schuell, BA83,0.2 pm) in a Hoefer TE 42 Transphor cell(220 mA, 4 hr to 8 hr) or Bio-Rad Mini Trans-Blot cell (100 V, 2 hr) as described (Towbin, Staehelin, and Gordon, 1979; Burnette, 1981) . The transfer buffer contained 25 mM Tris, 194 mM glycine, 20% (v/v) methanol, and 0.1% (w/v) SDS (in TE 42 cell) or 0.01% (w/v) LDS (in Mini Trans-Blot cell).
Protein molecular masses were estimated using prestained molecular mass markers (Bethesda Research Laboratories).
lmmunological Detection of Protein on Blots
After the transfer of protein to nitrocellulose blots was completed, blots were washed briefly in Tris-saline [50 mM Tris-HCI (pH 7.4), 200 mM NaCI] and blocked in blocking buffer [Tris-saline containing 5% (w/v) nonfat milk powder; Johnson et al., 19841 for 1 hr. Blots were then incubated in probe solutions containing the primary antibody diluted in blocking buffer overnight (for anti-COXII antibodies) or for 36 hr to 48 hr (for anti-URF-S antibody). When anti-peptide antibodies were used, keyhole limpet hemocyanin (KLH, from Calbiochem) was included in the probe solution (Nivison and Hanson, 1987) . Blots were washed for 15 min four times in Tris-saline, blocked for 15 min, and then incubated for 3 hr with the secondary antibody (horseradish peroxidase-conjugated goat anti-rabbit or goat anti-mouse IgG antibody, both from HyClone). Following this incubation, blots were washed as before and then developed in 0.4 mg/mL diaminobenzidine tetrahydrochloride (Aldrich) in 50 mM Tris-HCI (pH 7.6), 10 mM imidazole-HCI, 0.0075% (v/v) H202. The developed blots were rinsed briefly in H20 and photographed immediately using a Kodak Wratten gelatin filter No. 38. All treatments of blots were at room temperature except the primary antibody incubation, which was at 4OC.
Peptides and Antibodies
The COXll and URF-S peptides were synthesized for us by J. Fox, University of Virginia. The 13 (COXII peptide) or 12 (URF-S peptide) amino acid sequences were preceded by a spacer of 3 glycines, a tyrosine for iodination, and a cysteine for coupling. Peptides were coupled to KLH using the cross-linking reagent mmaleimidobenzoyl N-hydroxysuccinimide ester (Pierce) or to BSA using succinimidyl 4-(N-maleimidomethyl)cyclohexane-1 -carboxylate (Pierce) as described (Nivison and Hanson, 1987) . KLHpeptide conjugates were injected into rabbits, and antisera were collected. The anti-peptide antibodies were affinity-purified from the antisera using the appropriate BSA-peptide conjugate coupled to Affi-Gel 102 from Bio-Rad (Nivison and Hanson, 1987) .
The anti-yeast COXll rabbit antisera (173-8 and DD3-T) were gifts from G. Schatz, University of Basel. The anti-yeast COXll monoclonal antibody (CC06) was a gift from T. Mason, University of Massachusetts, Amherst.
Protein Synthesis by lsolated Mitochondria
Purified mitochondria (425 pg of protein) were incubated under conditions for translation using 10 mM sodium succinate, 2 mM ADP as energy source according to Leaver, Hack, and Forde (1983) with the following modifications. The labeled amino acid was ~-(4,5-~H)-leucine (90 pCi of 50 Cilmmol). Cycloheximide (5 pg/mL) was included to inhibit the activity of any contaminating cytoplasmic ribosomes, and erythromycin (1 O0 pg/mL) was included to inhibit any contaminating plastid ribosomes (Tassi et al., 1983; H.T. Nivison, unpublished data) . After a 1-hr incubation, 3H-leucine incorporation was stopped by the addition of 4 volumes of ice-cold 0.4 M mannitol, 10 mM Tricine (pH 7.2), 1 mM EGTA, and the mitochondria were collected by centrifugation at 12,OOOg for 5 min in a microcentrifuge. The labeled mitochondria were stored at -7OOC. lmmunoprecipitation 3H-leucine-labeled mitochondria were solubilized in 0.5% (v/v) Nonidet P-40 (Data Particles Laboratory) in 0.15 M NaCI, 10 mM sodium phosphate buffer (pH 7.2) at a concentration of 1 mg of protein/mL. After 30 min on ice, the solution was centrifuged (12,0009) in a microcentrifuge for 10 min. The supernatant was centrifuged again as before, and the final supernatant was incubated with affinity-purified anti-URF-S antibody with gentle mixing at 4OC for 7.5 hr. Protein A-Sepharose CL-48 (Pharmacia LKB Biotechnology Inc.) was then added in excess. After 30 min of incubation with mixing, the protein A-Sepharose was collected by brief centrifugation and washed three times with 0.6 M NaCI, 0.5% (v/v) Nonidet P-40, 50 mM Tris-HCI (pH 8.3), followed by one wash with 10 mM Tris-HCI (pH 7.4). Antigen was released by resuspending the protein A-Sepharose in LDS-sample buffer and boiling for 2 min. The protein A-Sepharose was collected, and the antigen-containing solution loaded on an LDS-polyacrylamide gel. After electrophoresis the gel was fixed, stained, destained (Nivison et al., 1986) , treated with EN3HANCE (Du Pont), dried, and exposed to x-ray film.
Separation of Mitochondrial Proteins into Membrane and Soluble Fractions
lmmediately after isolation, mitochondria were resuspended in 1 O mM Tris-HCI (pH 7.4) to a protein concentration of about 2 mg/ mL and disrupted with five strokes in a loose-fitting Dounce homogenizer, followed by sonication (3 X 10 sec at 50% output, Branson Ultrasonics Model 250 with microtip). Aliquots were removed from the suspension ("total" proteins) for protein (Larson, Howlett, and Jagendorf, 1986) and fumarase (Racker, 1950) assays and for acetone precipitation of proteins (see below). The remainder of the suspension was then centrifuged for 1 hr at 35,000 rpm in a Beckman SW50.1 rotor. The supernatant ("soluble" fraction) was removed, and the pellet ("membrane" fraction) was resuspended in 10 mM Tris-HCI (pH 7.4) with the aid of a Dounce homogenizer. Aliquots of the soluble and membrane fractions were also removed for protein and fumarase assays before precipitating the proteins in the remainder of the fractions by the addition of about 6.5 volumes of acetone at -2OOC. The total, soluble, and membrane acetone-precipitated proteins were resuspended in LDS-sample buffer, boiled for 5 min, and analyzed by LDS-polyacrylamide gel electrophoresis and immunoblotting.
